Cause of mortality was studied in waterfowl in hypersaline playa lakes of southeast New Mexico during spring and fall migration. Mortality was not common in wild ducks resting on the playas during good weather. However, when birds remained on the lakes for prolonged periods of time, such as during experimental trials and stormy weather, a heavy layer of salt precipitated on their feathers. Sodium toxicity was the cause of death for all experimental mallards housed on playa water and for 50% of the wild waterfowl found moribund or dead during the spring of 1995. Gross lesions included heavy salt precipitation on the feathers, ocular lens opacities, deeply congested brains, and dilated, thin-walled, fluid-filled cloacae. Microscopic lesions in the more severely affected birds included liquefaction of ocular lens cortex with lens fiber swelling and multifocal to diffuse ulcerative conjunctivitis with severe granulocytic inflammation, edema, and granulocytic vasculitis resulting in thrombosis. Inflammation similar to that seen in the conjunctiva occasionally involved the mucosa of the mouth, pharynx, nasal turbinates, cloaca, and bursa. Transcorneal movement of water in response to the hypersaline conditions on the playa lakes or direct contact with salt crystals could induce anterior segment dehydration of the aqueous humor and increased osmotic pressure on the lens, leading to cataract formation.
Under natural circumstances, playa lakes of arid regions are ephemeral. As they evaporate, the water becomes increasingly saline, ultimately resulting in the natural accumulation of evaporates/precipitates. Prior to 1940, typical playa lakes characterized the southeast corner of New Mexico, representing a Permian marine basin that became restricted approximately 255 million years ago by the massive Capitan Reef and subsequently filled with evaporites rich in potash. Early in the 1940s brine discharge from regional potash and oil industries created new playas and turned these and some natural playas into more permanent bodies of water 3 available for use by migrant waterfowl all year. The Lea and Eddy counties region has been the largest potash mining area in the United States 3 with 6 potash mines still in operation. Migratory waterfowl land on the playa lakes in spring and fall. Reports of wild bird mortality in the region initiated this investigation to determine the cause of death.
The natural but discharge-modified playas studied were Laguna Toston and Williams Sink. Field surveys were also performed at Lagunas Uno, Dos, Tres, and Quatro in Nash Draw. The Nash Draw playas may have surface connections or connections via the locally high ground water table. 7, 13, 28 Each year, Nash Draw receives approximately 1.8 x 10 6 metric tons of NaCl from potash industry discharge 7 and > 9,000 acre feet of water imported from the Ogallala aquifer. 13 Total dissolved solids in Williams Sink and Laguna Toston measured during spring 1995 were 201,000 ppm and 316,000 ppm, respectively, and total dissolved solids in Lagunas Uno, Dos, Tres, and Quatro during spring 1995 were 295,000 ppm, 298,000 ppm, and 303,000 ppm, respectively. 27 Sodium and chloride are the primary ions in all playas, which also contain significant amounts of potassium, sulfate, and magnesium. 27 Reports of salinity of the playa lakes prior to the initiation of potash mining could not be found. Total dissolved solids in sea water is approximately 30,000 ppm.
The landscape bordering Lagunas Toston, Uno, Dos, Tres, and Quatro is exposed, flat, and barren. A thick salt pan substrate covers the playa bottom, shore, and surrounding ground, and there is little or no vegetation along the shore. Williams Sink differs in that it occupies a protected depression with a loam/silt and gypsum sand bottom, and the surrounding shore has relatively dense vegetation. Fine deposits of crystalline salts were visible only on vegetation and debris around Williams Sink. 7 Williams Sink was also the only playa with a substantial population density of benthic microinver-tebrates, diatoms, and phytoplankton when evaluated in 1992. 7 Williams Sink has not received direct potash discharge since 1982 but runoff from a large potash tailings pile was reaching the southeastern corner of the basin in 1992, at which time the total dissolved solids at William sink was 169,000 ppm. 7
Materials and methods
Experimental investigations. In fall 1994, an experimental study at Laguna Toston and Williams Sink to determine the effect of playa water on farm-reared mallards (Anas platyrhynchos) a was conducted. Ducks were acclimated to pens, gravity waterers, and gravity feeders and provided commercial duck chow ad libitum. Laguna Toston was chosen as a site currently receiving effluent from a potash plant. Williams Sink was chosen as a modified control site because it has not been used for potash discharge since 1982. Both Laguna Toston and Williams Sink had three study groups of 5 mallards each; group 1 was housed on playa water, group 2 was housed on land adjacent to the playa and given only playa water to drink, and group 3 was housed on land adjacent to the playa and provided fresh drinking water. Mallards were monitored for 48 hr, continuously during the day and intermittently through the night, and shipped to the National Wildlife Health Center (NWHC) for necropsy at death, after euthanasia due to distress, or after euthanasia at the end of the 48hr observational period. Mallards were individually packaged in plastic bags and shipped on ice packs via overnight delivery.
Field investigations. Field biologists surveyed Williams Sink and Lagunas Toston, Uno, Dos, Tres, and Quatro for sick or dead birds from March 9 through April 25, 1995. There were 75 survey periods during this time totalling 275 observational hours. Birds unable to fly or escape capture were euthanized and shipped with birds found dead to the NWHC as described for the experimental birds. Clinical signs and weather conditions were recorded. Carcasses were received from all playas listed above except Williams Sink.
Necropsy. Necropsies followed a standard protocol to insure complete and uniform testing of 64 waterfowl. To determine the weight of the salt precipitate on the carcasses, pre-rinse and post-rinse carcass weights were taken and the calculated difference was determined to be the approximate weight of salt precipitate. Salt for composition analysis was collected from random birds prior to rinsing. Birds were considered immature if a bursa of Fabricius was present.
To prevent contamination of brain tissue with salt from carcasses or instruments, the carcass was thoroughly rinsed away from the necropsy surface. Instruments were prepared in advance by thoroughly washing, soaking overnight in 5% nitric acid, and rinsing in 3 separate beakers of double-deionized water (acid-washed instruments). The skin of the ventral surface of the neck was incised longitudinally and cut circumferentially in the midcervical region. With an assistant providing traction, the pathologist used clean gloves b to reflect the skin from the midcervical region over the neck and head, providing a clean subcutaneous and skull surface that had not been touched by instruments or gloves. Gloves were changed, and new acid-washed instruments were used to cut and remove the dorsal surface of the skull, inserting the tip of the scissors into the skull only once. A portion of the brain was removed and placed directly into single-use sterile sampling bags c using an acid-washed plastic spoon. A preliminary study using the above protocol with 14 7-wk-old normal broad-breasted white turkey poults determined no significant differences between brain sodium concentrations analyzed in parallel for samples placed in acid-washed jars and those placed in the sample bags.
Histopathology. Samples of brain, glottis, nasal turbinates, hard palate eyelid, eye, salt gland, adrenal gland, kidney, heart, trachea, air sacs, lung, spleen, bursa of Fabricius, liver, pancreas, tongue, esophagus, crop, proventriculus, ventriculus, intestine, cloaca, foot web, and occasionally bone marrow and syrinx were collected for histopathology. Tissues were placed in 10% neutral buffered formalin for approximately 24 hr before being trimmed for processing. Formalinfixed tissues were embedded in paraffin, sectioned at 5 µm, and stained with hematoxylin and eosin (HE). Eyes from euthanized waterfowl were fixed in Bouin's solution (0.9% picric acid, 5% acetic acid, 3.9% formalin) for approximately 24 hr, rinsed in cold tap water for 15 min, and transferred to 70% ethanol prior to trimming and embedding in paraffin. Bony tissues were decalcified in decalcifying solution d for 6-24 hr prior to trimming and embedment.
Chemistry. Brain analysis for sodium was determined by inductively coupled plasma emission (ICP) following standard protocols. 33 Any bird with a brain sodium concentration ≥ 2,000 ppm wet weight was considered to have died from sodium poisoning; 34 however, brain sodium concentrations > 10,000 ppm wet weight were considered to be above a reasonable physiological level in a bird dying from sodium poisoning, and the sample was considered contaminated. Water was analyzed for total dissolved solids and metals by atomic absorption spectrophotometry using standard methods, 27 and pH of the water was determined using a Corning pH meter e that was buffered against pH 7.00 buffer. e Analysis of salt composition from feathers was performed by ICP analysis. 33 Brains of 28 waterfowl were analyzed for cholinesterase activity. Cholinesterase assays were performed in duplicate using methods previously described. 10,15 Cholinesterase inhibition was reported if mean cholinesterase activity was below the diagnostic threshold, i.e., 2 standard deviations below the mean NWHC reference value for the species being tested. Livers from 9 birds were analyzed for lead using standard methods. 22 Bacteriology. Livers from 56 birds were cultured for aerobic bacteria using 5% sheep blood agar and eosin-methylene-blue agars. f Inoculated plates were incubated at 36 C for 48 hr. Intestine was also cultured from 10 birds for Salmonella sp. using selenite broth (with dulcitol substituted for lactose) f incubated at 36 C for 24 hr and subcultured on xylose-lysine-desoxycholate and brilliant green agars. f Identity of bacterial isolates was determined using the a commercially available detection system. 9 Botulism tests were conducted on heart blood from 30 waterfowl using the standard mouse toxicity test. 26 Virology/serology. Virus isolation was attempted with intestine and lung from 13 birds. Tissues were inoculated into muscovy embryo fibroblast cell cultures 8 and embryonating hen's eggs via the allantoic sac route. 29
Results

Field observations
Experimental mallards. Within 5 minutes of placement on Laguna Toston water, mallards began dipping their heads under water, flicking their beaks, shaking their heads and tails, and rubbing their heads over their backs. Preening behavior was almost constant early in the observation period. Salt deposition on feathers was noted 3 hours after mallards were placed on Laguna Toston. At 3 hours, birds began to huddle quietly with very little activity and appeared depressed, and 1 mallard turned in continuous slow, tight circles. Birds were heavily salt encrusted within 24 hours. Blepharitis, chemosis, and prolapse of the nictitating membrane was observed associated with frequent blinking. Torticollis was seen when the mallards were close to death. One mallard was found dead at Laguna Toston 11 hours after placement on playa water, the other 4 mallards placed on Laguna Toston were found dead between 20 and 22 hours after placement. Winds reached 90 km/hr during the study at Laguna Toston.
Mallards at Williams Sink had less salt precipitation and clinical signs developed later than in those housed on Laguna Toston water. Williams Sink mallards tended to do more quiet floating and dipped their beaks but did not aggressively preen their feathers. Salt had formed a thin precipitate over the head of the mallards after 3 hours on the sink. Blepharitis, chemosis, and prolapse of the nictitating membrane with frequent blinking was also seen 3 hours after placement, and head shaking was common 7 hours after placement. Circling behavior was seen in 1 mallard 11 hours after placement. One mallard brought on land for observation 13 hours after placement was "star-gazing" with torticollis and subsequently would fall onto its back. All mallards placed on Williams Sink were euthanized between 24 and 35 hours after placement. No unusual weather or winds occurred during the trial at Williams Sink.
No abnormal clinical signs or notable salt precipitation was observed for any of the study groups housed on land regardless of the playa to which they were assigned or whether they were provided playa water or fresh water for drinking.
Wild waterfowl survey. A total of 1,579 waterfowl (21 species) were observed landing on playa water during survey times. Except for a single passerine, all of the carcasses represented waterfowl, including coot and 8 species of duck (Table 1) . Although 340 shorebirds and gulls (7 species) were present in low numbers, none were found dead or moribund. Waterfowl appeared in good condition when they arrived on the playas, and most departed at nightfall without effect. For those that arrived or remained in severe weather, salt spray could be seen precipitating on feathers within minutes of landing. Salt formed an obvious layer over the feathers within 3 hours and was followed by rapid encrustation preventing evening departure of the birds. As salt deposition increased, preening and head-rubbing over the back, followed by bill shaking became more frequent. Prolonged preening was sometimes accompanied by feather pulling or consecutive dives into the water followed by wing-flapping. Seventy percent of all wild bird submissions were associated with 2 storm events occurring on April 11 and 17, 1995, with 80-100 km/ hr winds and choppy water. Twenty-two birds were euthanized during the field surveys, and 18 of the euthanized waterfowl were found moribund after the April 11 and April 17, 1995 storm events. Euthanized waterfowl were found mobile but unable to fly; many did not attempt escape when approached and some were severely depressed and uncoordinated.
Necropsy
Experimental mallards. All mallards were immature males in fair to good body condition. Control birds housed on land had no salt precipitate on feathers. When rinsed with water, the control birds, without salt on feathers, gained an average of 40 g of water weight. Salt precipitation on carcasses from mallards housed on playa water at Williams Sink was light, and all birds gained weight with rinsing indicating the salt that had precipitated on the feathers was less than the average 40 g of water the carcasses were gaining due to rinsing (Table 1) . Mallards housed on playa water at Laguna Toston were encrusted with salt deposits up to 2.5 cm thick over the wings, tail, back,. and shoulders (Fig. 1 ).
Salt on the Laguna Toston mallards weighed up to 1,955 g and was more than the rinsed body weight of 4 of the 5 experimental birds on Laguna Toston (Table  1 ; salt precipitate expressed as percentage of body weight). The average salt precipitated on the Laguna Toston mallards was 1,250 g. The average body weight of the mallards housed on the playa water was 1,080 g (range, 960-1260 g). Down feathers were dry on all birds in spite of the heavy salt deposit on feathers.
The mucosa of pharynx and glottis were reddened in mallards housed on playa water. The conjunctiva and nictitating membrane were reddened and swollen, and there was a small amount of serous conjunctival fluid. The eyes were difficult to evaluate in some birds because of prolapse of the nictitating membrane, making removal of the globe necessary for visualization of the lens. All birds housed on Lacuna Toston and Wil- (0) liams Sink had ocular lens opacities; 1 mallard on Williams Sink had only mild lens opacity. Meningeal vessels were congested and brain parenchyma was uniformly deep red in all mallards housed on playa water (see Fig. 3F ). Retrobular tissue and turbinate mucosa was congested and a mild amount of red-tinged mucus was present over the nasal turbinates in some ducks. Abundant foamy, serosanguineous fluid flowed from the cut surface of lungs from birds that died spontaneously, but lungs floated in formalin. Pulmonary edema was not seen in birds that were euthanized. Some proventriculi contained a moderate amount of mucus. The intestinal wall was congested and the cloaca was often dilated and thin walled, containing golden fluid. Pectoral muscle was deep red and tacky, suggesting dehydration. Subcutaneous edema was seen at the thoracic inlet in 1 of 5 mallards housed on Williams Sink.
There was no obvious salt precipitation and no external or internal gross lesions in the mallards housed on land. The feet and footwebs were unremarkable for land-and water-based mallards, and no fecal material was seen on the feathers around the vent. The bursa of Fabricius was grossly unremarkable when present. Salt glands were also unremarkable in both land-and water-based birds.
Field survey waterfowl. All waterfowl submitted for necropsy were adults in good body condition with moderate to abundant body fat and adequate pectoral muscle. Birds from Laguna Toston had moderate to heavy salt precipitation on the feathers (Table 1) , with quantities ranging from 100 g on a 280-g green-winged teal to 1,175 g on a lesser scaup weighing 695 g. The average weight of salt on the birds from Laguna Toston was 370 g. Average weight of precipitate on waterfowl from Lagunas Uno, Dos, Tres, and Quatro was 133 g, 47 g, 372 g, and 115 g, respectively. Waterfowl from each playa had lesions similar to those seen in the experimental mallards housed on playa water. Congested brains were seen in 24 of 37 birds and opaque lenses were seen in 18 of 37 birds. Ocular lens opacities were bilateral in 16 birds and unilateral in 2 birds. Thin-walled, dilated, fluid-filled cloacae, often 2-3 cm in diameter, were seen in 24 of 37 wild birds.
Histopathology
Experimental mallards. Significant pathology was seen only in the mallards housed on playa water. The most severe and consistent microscopic changes were associated with the lens (Table 1 ) and the mucosa of conjunctiva, turbinates, hard palate, pharynx, bursa of Fabricius, and/or cloaca (Table 2) . Lens opacities were graded as 1, 2, or 3. In grade 1 (mild) lesions, granular eosinophilic debris accumulated between the anterior capsule and lens cortex. Equatorial and anterior cortical lens fibers were swollen in the optical region of the lens and in the lens pad; fiber swelling was limited to the anterior aspect (Fig. 2B) . In grade 2 (moderate) lesions, the anterior lens pad was partially disrupted and granular eosinophilic debris formed a thick liquified zone underneath the anterior capsule. Lens fibers were swollen in the equatorial and anterior cortex (Fig.  2C) . Grade 3 (severe) lesions in the lens included extensive damage and liquefaction of lens pad with a thick zone of eosinophilic debris in the lens cortex, sometimes extending circumferentially around the lens (Fig. 2D) . The cornea and ciliary body of some birds had a multifocal mild infiltrate of granulocytes.
Microscopic sections of conjunctiva from mallards housed on playa water had multifocal to diffuse coagulative necrosis with fibrin adhered to the ulcerated surface (Fig. 3A) . Marked edema and mild hemorrhage in the submucosa was associated with dense populations of granulocytes containing large, round eosinophilic granules (Fig. 3B) . These granules were often free in surrounding tissue, suggesting degranulation. The morphology of multifocal submucosa1 vessels was often obscured by dense infiltration of large granulocytes. Some of these vessels had brightly eosinophilic fibrinoid necrosis of the wall with thrombosis ( Fig. 3C) . Lympholysis was seen when conjunctiva-associated lymphoid tissue was present in the section.
Turbinate epithelium was multifocally ulcerated in some mallards with granulocytic inflammation and vasculitis ( Fig. 3E) and hemorrhage into the lumen. Thrombosis of turbinate vessels was seen in 1 mallard.
The pharyngeal surface of the glottis often had severe coagulative necrosis with ulceration, submucosal edema, and striking granulocytic inflammation in the submucosa. Vessel walls were occasionally infiltrated by granulocytes, and thrombi were present in vessels of some of these submissions. Colonies of mixed bacteria could occasionally be seen over the ulcerated pharyngeal surface. Occasionally, the ventral surface of the respiratory glottis, just ventral to the tracheal opening, was ulcerated with adherent fibrin, submucosal edema, granulocytic inflammation, fibrinoid necrosis of multifocal vessels, and severe granulocytic inflammation within the vessel wall.
The superficial epithelium of the bursa of Fabricius was ulcerated with a dense layer of granulocytes along the surface and in the submucosa. Granulocytic vasculitis was seen in the bursa of 1 out of the 5 experimental mallards on playa water with bursa evaluated.
Vessels in the brain were congested with occasional mild multifocal perivascular hemorrhage and irregular perivascular spaces; however, these changes were inconsistent and nonspecific.
The lungs of experimental birds that died on water had a moderate amount of eosinophilic proteinaceous material in the air spaces and scattered alveolar macrophages with foamy cytoplasm, suggesting edema. The bronchi and trachea often had mild granulocytic mucosal inflammation, which was more prominent in experimental birds that survived the longest, particularly the mallards housed on land. Oral mucosa and esophagus occasionally contained nematodes resembling Capillaria sp., but there was no significant associated inflammation in the ducks housed on land, and these nematodes were thought to be incidental. The liver of some birds housed on playa water had mild bile stasis, and scattered hepatocytes were pyknotic. Mild pancreatic apoptosis was present in mallards housed on playa water and mallards housed on land but provided playa water to drink. Mild hemosiderin pigment in hepatocytes was seen in mallards from each study group. Salt glands were unremarkable in all birds.
Ten mallards, 5 housed on playa water and 5 housed on land, had splenic amyloid which was mild in 9 and severe in 1 mallard. Splenic amyloid was thought to be an incidental preexisting condition.
Field survey waterfowl. Changes seen in the experimental mallards were also observed in wild waterfowl collected at each of the 5 playas surveyed. Of the 30 waterfowl evaluated from Laguna Toston, all had peracute cataracts ranging from mild (12) to moderate or severe (16) ( Table 1) . Postmortem artifact precluded interpretation of the lens lesions in 2 of the birds. Although changes observed in the lens of the eye were consistent with those seen in experimental mallards, pathology of mucosal surfaces (Fig. 3D ) was less severe than that in experimental birds (Table 2) . Pulmonary edema was present in waterfowl that died spontaneously but was not a characteristic finding in birds that were euthanized. Vacuolation of renal tubule epithelium was seen in 20 of 29 wild waterfowl (11 of 18 with brain sodium concentration in the toxic range and 2 with brain sodium concentrations indicating contamination) but was not seen in the experimental mallards. Mild granulocytic bronchitis and tracheitis was seen in approximately half of the wild waterfowl. Mild apoptosis was seen in the pancreas and moderate hemosiderin was seen in the spleen and liver. Bile stasis, sometimes with large bile plugs in bile ducts, was common.
An incomplete field survey, interrupted by Federal Government furloughs, was performed in October and November 1995. Evaluation of microscopic changes in 17 of the waterfowl found dead or moribund during the fall 1995 survey showed lesions similar to those seen in the spring 1995 survey. However, cloacal le-sions were more frequent (7 of 13 birds) and severe and cholestasis was also more prominent in the waterfowl collected during the fall 1995.
Chemistry
Brains of all experimental mallards housed on playa water were in the toxic range. The average brain sodium concentration for experimental birds housed on Laguna Toston was 2,290 ppm, and average brain sodium concentration at Williams Sink was 2,831 ppm. The average brain sodium concentration for experimental mallards housed on land and provided Laguna Toston water to drink was 1,690 ppm, and the average Bacteriology brain sodium concentration for mallards housed on land and provided Williams Sink water to drink was No significant bacteria were isolated from culture of 1,661 ppm. The average brain sodium concentrations 56 livers. No salmonellae were isolated from 10 infor the birds housed on land and provided fresh drink-testine samples. Tests for avian botulism type C were ing water at Laguna Toston and Williams Sink were negative for 30 birds 1,305 and 1,413 ppm, respectively. Virology/serology Brain sodium concentration was in the toxic range for 16 of 30 wild waterfowl collected from Laguna Toston, 1 of 3 birds from Laguna Dos, and the 1 bird from Laguna Tres. Two birds from Laguna Dos and the 1 bird from Laguna Quatro had brain sodium concentrations well beyond the physiological range (14,000-32,000 ppm), and the samples were considered contaminated with environmental sodium. Neither of 2 lesser scaup from Laguna Uno had brain sodium levels within the toxic range (average brain sodium concentration = 1,580 ppm); both scaup were alert and mobile when captured. The average brain sodium concentration for Laguna Toston birds that were euthanized was 2,070 ppm, whereas the average for the 10 birds found dead was 2,130 ppm.
No viruses were isolated from samples of 13 intestines and lungs.
Discussion
Coagulative necrosis, ulceration, and edema observed in the mucosa of conjunctiva, turbinate, hard palate, pharynx, and cloaca of playa lakes waterfowl indicate a rapid necrotizing event. Waterfowl on playa water often rubbed their heads on their wings and back with subsequent head shaking and frequent blinking, suggesting irritation possibly due to the hypersaline solution or salt crystals in the conjunctivae. Frequent preening of salt-laden feathers could have introduced the salt precipitate into the oral mucosa and pharynx and possibly cloaca if waterfowl were aggressive preening around the vent. The pathogenesis of the granulocytic inflammation and vasculitis with marked edema involving mucosal surfaces of the playa lakes waterfowl is not understood, but eosinophilic inflammation also characterizes the perivascular pathology in the brain of salt-poisoned swine. The role of eosinophils in salt poisoning of swine has also not been defined. 20
The average percent error for duplicate sodium analyses was 5.4% and recovery of spike was 88%. Brain sodium concentration was not significantly different at 95% (paired t-test = 0.179) between samples of 7 normal turkey brains submitted in acid-washed jars (1383 ± 62.3 ppm) and samples submitted in sample bags (1391.3 ± 93.41 ppm).
Water collected November 1994 from Laguna Toston contained primarily sodium (19%), chloride (49%), and potassium (12%) with some sulfate (13%) and magnesium (7%); total dissolved solids was 310,000 ppm. Water composition from Williams Sink had relatively similar proportions of sodium (23%), chloride (54%), potassium (6%), sulfate (8%), and magnesium (4%), with total dissolved solids of 201,000 ppm. The pH of Laguna Toston was 7.4. Major constituents of salt collected from the feathers of mallards on Laguna Toston were chloride, sodium, and potassium; magnesium and sulfate were present in much lower concentrations.
Brain cholinesterase activity was within the normal range for all 28 birds tested. No lead was detected in the 9 livers analyzed.
Minimum single lethal dose of NaCl is reported to be 4 g of salt per kilogram of body weight for ≤ 9-weekold chickens. 1, 25 Pekin ducks are more sensitive to sodium chloride poisoning than are other poultry. 31 If the experimental mallards are as sensitive to sodium chloride poisoning as are chickens or Pekin ducks and if the precipitated playa lakes crystals were pure sodium chloride, an approximate single dose of 4.3 g could be lethal for the average experimental mallard. With the frequent preening of heavily encrusted feathers on Laguna Toston experimental mallards, this quantity of salt could be ingested, and consumption of hypersaline playa water would only accentuate the so- dium load. Salt encrustation was more severe in wild birds picked up during the storm events occurring on April 11 and 17, 1995. Average salt precipitation on these dates was 68% and 60% of body weight, respectively (Table 1) . Salt precipitate on carcasses collected on all other dates averaged 36% of body weight. Average lens pathology in dead birds associated with the April 17, 1995, storm was moderate to severe (grade 2.3, Table 1 ) and lens pathology for other ducks picked up during the 1995 spring survey was mild to moderate (grade 1.8, Table 1 ), suggesting that factors associated with storm events may influence cataract severity. There was no difference in average lens pathology between wild birds that were euthanized and those found dead (grade 1.8, Table 1 ). Severity of conjunctival lesions was not directly related to severity of lens changes, and conjunctival lesions were seen in only 11 of 37 wild waterfowl with cataracts (Table 1) .
Cataracts are not commonly recognized in birds and are usually associated with trauma or senility. 19 All birds on playa water had some degree of lens pathology. The rapid onset and microscopic appearance of the cataracts suggest a rapid shift in the osmotic forces within the eye. Sodium poisoning was determined to be the cause of death or morbidity in 8 of the 8 experimental mallards on playa water and 18 of 37 wild waterfowl, and all birds with salt toxicosis had cataracts. However, brain sodium levels were not in the toxic range for 50% of the wild waterfowl with cataracts, suggesting that systemic hypernatremia was not the ultimate determining mechanism in the initiation of cataracts.
Cataract formation has not been mentioned in previous reports of sodium poisoning in birds 2, 14, 18, 23, 30, 31, 34, 35 or mammals. 24 If playa lakes ducks introduce salt crystals into the conjunctiva by rubbing their eyes on salt encrusted feathers or if there is extensive direct contact of hypersaline playa water with the cornea, a shift in the osmolality of the anterior chamber fluid may cause subsequent disturbance of the osmolar homeostasis of the lens leading to lens fiber damage. Presmolt (not yet adapted to sea water) masu salmon developed cataracts within 1 hour of placement in sea water and osmolality of the aqueous humor in these salmon increased more rapidly than did plasma osmolality. 16 This rapid shift of aqueous humor osmolality suggested influx of electrolytes or loss of water directly through the cornea, contributing to the increased osmolality of the aqueous humor and subsequent cataract formation. 16 Increase in osmotic pressure in the aqueous humor due to evaporation of water through the cornea has also been proposed as the mechanism of cataract formation in mammals that could not close their eyelids. 4, 11, 32 Dehydration of the aqueous humor and lens was the most important factor in development of these cataracts. 12 The small volume of the anterior chamber of wild ducks make it more vulnerable to dehydration than the larger chamber of mammals. Cataracts have also been induced in extracted fish, 16 amphibian, 17 and mammalian lenses 32 exposed to hypertonic Ringer's solution and by intracameral injection of hypertonic so1ution. 21 The lenses of mammals and amphibians have been described as osmometers, which reflect the osmolarity of the aqueous humor. 6,9 These references give evidence for transcorneal movement of water with subsequent dehydration of the aqueous humor causing increased osmotic pressure on the lens. This mechanism for cataract formation seems applicable to playa lakes waterfowl that have a cornea exposed to hypersaline playa water and salt crystals and severely inflamed and edematous eyelids that may not be able to protect the cornea effectively. However, because the process can occur in extracted lenses, the osmolar process may have occurred postmortem in at least some of the birds, as is thought to have happened in a crissal thrasher found on the shore of Laguna Dos (Table 1) ; this passerine should not have had direct antemortem exposure to the playa water and had no measurable salt on the feathers. Necropsies were performed on all birds after overnight shipment, and lens pathology may have progressed as the birds became moribund or as a postmortem event if the cornea of the dead bird was exposed to salt or hypersaline solutions at the playa lakes or during shipment. The question of the biological significance of antemortem cataract formation could be answered by performing slit-lamp biomicroscopic examination of live ducks at the playa lakes. Osmotic cataracts can be reversible in some cases, 12 and the question of reversibility of cataracts in the playa lakes birds would also be biologically important to answer.
Vacuolation of renal tubule epithelium has been reported in cases of salt poisoning in turkey poults. 14 This lesion was seen in 11/18 wild waterfowl with brain sodium concentration in the toxic range.
The differences in degree and rate of salt encrustation, severity of clinical signs, and survivability of experimental mallards housed on Laguna Toston versus Williams Sink may be due to differences in weather, local topography, degree of salinity of playa water, and/ or bird behavior at the individual playas. Field observations during spring 1994 also suggested that Williams Sink may not be as inhospitable to migrating waterfowl as Laguna Toston; no mortality was observed at Williams Sink during migratory bird surveys. Salt poisoning was the primary cause of death in both experimental and wild waterfowl at all of the playa lakes surveyed. Mucosal lesions are thought to be due to contact irritation from hypersaline water or salt crystals and duration of exposure and weather may influ-ence severity of lesions. Clinical signs and pathology indicate mucosal irritation from playa water and, if the cataracts are shown to be antemortem, the ocular irritation and poor vision secondary to the cataracts may prevent the waterfowl from leaving the playa thus making them vulnerable to salt poisoning.
